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Abstract. Li/Ca ratios in modern 
brachiopod shells generally correlate 
inversely with growth temperature, ranging 
from -20 pmol/mol at 30°C to -50 ~moljmol 
at ooc with no apparent interspecific 
offsets. Causes of the temperature effect 
on Li/Ca ratios are not yet understood. 
Cenozoic brachiopod Li/Ca ratios average 
-30 ~mol/mol, similar to the average 
observed in modern brachiopods. Rela-
tively constant Li/Ca ratios for Eocene to 
Pleistocene nonluminescent brachiopod 
shells, consistent with previous obser-
vations of Cenozoic planktonic forami-
nifera, support the conclusion of little 
variation in Cenozoic seawater Li/Ca. 
Nonluminescent portions of Permian and 
Carboniferous brachiopods have Li/Ca 
ratios substantially lower (generally <10 
pmol/mol) than modern, Cenozoic, or 
Devonian samples. Mass balance consid-
erations, constrained by sl8o of 
brachiopods, suggest that low Li concen-
trations in Permo-Carboniferous seawater 
could be the result of a lower flux of 
dissolved Li from the continents and/or a 
higher flux of Li from seawater to clastic 
marine sediments. Nonluminescent Devonian 
brachiopods from a single hand specimen 
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have Li/Ca ratios around 70% of the modern 
average. These Li/Ca ratios can be 
explained by either somewhat higher tem-
perature with constant seawater Li/Ca, 
somewhat lower seawater Li/Ca at constant 
temperature, or a combination of slightly 
elevated temperature and slightly lower 
seawater Li/Ca. 
INTRODUCTION 
The geochemical cycle of lithium makes 
its seawater concentration a potential 
monitor of chemical fluxes from axial 
hydrothermal circulation through time. Li 
is supplied to the oceans from rivers and 
from high-temperature hydrothermal circu-
lation at ridge crests; it is removed from 
the oceans by incorporation in marine sed-
iments enriched in Li relative to conti-
nental precursors and by low-temperature 
basalt alteration [Holland, 1978, p. 200, 
1984, pp. 209-227; Edmond et al., 1979; 
Stoffyn-Egli and Mackenzie, 1984; Von Damm 
et al., 1985; Chan and Edmond, 1988]. Li 
is essentially conservative in seawater, 
with no significant involvement in biolog-
ical activity or scavenging by particles 
[Stoffyn-Egli and Mackenzie, 1984}. 
Quantitative estimates of global fluxes 
are not well constrained, but hydrothermal 
input of Li is at least equal to the river 
flux at present and may be as much as a 
factor of 10 greater. Residence time is 
of the order of ~1 m.y. [Edmond et al., 
1979; Stoffyn-Egli and Mackenzie, 1984]. 
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Because marine sediments are enriched in 
Li relative to continental precursors, 
oceanic crust must be a net contributor of 
dissolved Li to the oceanic pool. In 
other words, for marine sediments to be 
enriched in Li under steady state condi-
tions, low-temperature basalt alteration 
must be a smaller proportion of the total 
removal flux than high-temperature 
alteration is of the total input flux. 
Low-magnesium calcite shells of 
foraminifera grown in laboratory culture 
experiments are good indicators of sea-
water lithium-to-calcium ratios [Delaney 
et al., 1985]. Over the past 100 m.y., 
mean Li/Ca for mixed planktonic 
foraminiferal shells averaged in age 
intervals of 5-10 m.y. was no more than 
16% greater or 25% less than the mean 
Li/Ca ratio of all samples [Delaney and 
Boyle, 1986]. Interpretation of these 
data using a mass balance model for Li 
constrained hydrothermal fluxes to have 
been no more than 30-40% greater than 
those at present for intervals any longer 
than one million years during this time. 
We report here the first analyses of 
Li/Ca ratios in well-preserved portions of 
modern, Cenozoic, and Paleozoic articulate 
brachiopod shetls in an effort to extend 
the Li/Ca record into the Paleozoic. 
Low-magnesium calcite shells of articulate 
brachiopods have yielded records of 
oceanic oxygen, carbon, and strontium 
isotopes [e.g., Lowenstam, 1961; Popp et 
al., 1986a, c; Veizer et al., 1986]. 
Their minor element contents have not yet 
been utilized fully as records of oceanic 
chemical composition, but have been inter-
preted as indicators of diagenetic alter-
ation (e.g., Brand and Veizer, 1980]. 
SAMPLES 
Modern, Cenozoic, Permo-Carboniferous, 
and Devonian brachiopod samples were 
analyzed in this study (Tables 1-4). The 
modern brachiopods, all of the superfamily 
Terebratulidae, were obtained mainly from 
the collections at the American Museum of 
Natural History [Lepzelter et al., 1983]. 
Cenozoic samples as well as a few modern 
samples (all of the superfamily 
Terebratulidae) were from the brachiopod 
collections of the Museum of Natural 
History, Smithsonian Institution. The 
Permo-Carboniferous samples, including 
both Productidinae and Spiriferidae, had 
been analyzed in earlier studies of slBo, 
ol3c, and 87sr;86sr [Popp et al., 1986a, 
c]. The Middle Devonian Spiriferidae 
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samples were new samples collected from 
the Hungry Hollow Formation, Ontario, 
which was described, sampled, and analyzed 
by Popp et al. [1986b]. 
Sample powders were obtained using 
microsampling techniques from the 
nonluminescent portions of the brachiopod 
shells, typically the hinge area, inferred 
by Popp et al. [1986a, b, c] to be best 
preserved as deduced from textural, trace 
element, and stable isotope results. Some 
modern samples were taken from carefully 
cleaned pieces of shells. For the middle 
Devonian and some Cenozoic and late 
Paleozoic samples, calcareous matrices 
surrounding the fossil shells and sparry 
cements associated with the shells were 
also sampled; their compositions provide 
information on diagenetic trends. 
METHODS 
A summary of methods is given here; a 
more complete description of methods is 
available on request to the authors. 
Brachiopod samples as powders were dis-
solved in 0.5 N (redistilled) nitric acid. 
Li concentrations in brachiopod shell 
material, reported as Li/Ca mole ratios, 
were analyzed by graphite furnace atomic 
absorption spectrophotometry (GFAAS) using 
methods developed for foraminiferal shells 
(see Delaney [1983] for details). Li was 
analyzed by GFAAS using duplicate 20 ~l 
injections at the recommended conditions 
with a Perkin-Elmer 5000 atomic absorption 
spectrophotometer, a Perkin-Elmer Hc>ated-
Graphite-Analyzer 500, and a Perkin-Elmer 
AS-1 autosampler. Background correction 
with a tungsten halide continuum source 
was used for all Li analyses. Reagent and 
instrumental Li blanks were minor compared 
to sample concentrations. Sample Li/Ca 
ratios were typically greater than 5 times 
the detection limit (defined as 3 times 
the standard deviation of multiple meas-
urements of a blank), and generally 
exceeded the detection limit by much 
higher factors. 
Ca concentrations were determined 
adding lanthanum as an ionization sup-
pressant. These flame atomic absorption 
analyses were carried out on a Perkin-
Elmer 2380 spectrophotometer using a 
single-slot burner with an air-acetylene 
flame. Sr, Mg, Mn, and Fe results for 
most of the modern samples are from Lep-
zelter et al. [1983J and for the Permo-
Carboniferous samples are from Poppet al. 
[1986aJ. For all other samples, Sr was 
TABLE 1. Modern Brachiopods 
T,T LuCa Sf!Ca 1\!g~Ca lvln:Ca- l:e,Ca 
0 Depth, (Estimated )lrnoll rnrnoll mmoll )lrnoll mmol ~ 
~ 
Sample Identification Locality m Mean Annual)" s mol mol mol mol mol ~ 0 
'< RBT Thecidellina baretti Jamaica 20 27.4 ± 1.3 36.1 20.1 2.45 10.0 36 0.25 0 CBCf Thecidellina baretti Belize 30 27.5 ± 0.7 36.2 20.9 2.00 11.9 36 0.20 
" RBL Lacazella carib. Jamaica 10 27.5 ± 1.3 36.1 17.7 • 
CBCA (1) Argyotheca johnsoni Belize 30 27.5 ± 0.7 36.2 23.6 ~
CBCA (2) Argyotheca johnsoni Belize 30 27.5 ± 0.7 36.2 21.0 
CM! Tichosina floridensis Dry Tortugas 180 18.4 ± 1.5 36.2 5.7 0.95 9.7 27 0.18 t"' ~· SM20 Laqueus californicus California <50 13.6 ± 3.9 33.4 33.2 1.38 8.8 36 0.50 
' 
" CJ\17 Laqueus californicus California 55 11.1 ± 4.0 33.4 38.9 1.04 5.8 36 0.16 • 
R3 Laqueus vancouveriensis Juan de Fuca St. 225 7±4 33 36.6 1.34 8.1 148 2.33 "' • R4 Neothyris lenticularis Antipodes Island 100 8±2 34.2 37.4 1.58 25.1 32 0.63 
" ~· 
CDIP6 Terebratulina septention. Bay of Fundyb 20 7.1 ± 6.4 32.1 41.2 1.15 11.9 64 0.20 0 ~ 
CDIP7 Terebratulina septention. Bay ofFundy 20 7.1 ± 6.4 32.1 40.6 ~· 
MF22 Terebratulina uniquicula Puget Sound 130 7.4 ± 2.5 33.6 37.2 1.25 13.0 27 0.25 ~ 
MF3 Hemitayris psittacea PugetSound 130 7.4 ± 2.5 33.6 40.2 "' ~
SM6 Hemitayris psittacea Bering Sea AK shallow 3±5 33.5 49.2 1.41 5.0 27 0.18 • 0 
RI Magellania maquariensis South Pacific 120 7.0 ± 0.5 34.1 38.9 1.24 9.5 76 0.55 "' ~· R2 Muhlfeldtia truncata Mediterranean 33.7 1.62 26.4 323 1.04 0 '0 
0 
Most minor element data are from Lepzelter et al. [ 1983]; data for R 1-4 are from this study. 0. ~ 
a Estimates were based on existing oceanographic data on water masses at same depths from locations as close to collection sites as possible. 
bBay of Fundy samples were collected at a site at the mouth of the bay just east of the Maine-Canada border, below a sponge community. They were 
probably not in an intertidal zone. 
TABLE 2. Cenozoic Brachiopods 
Li/Ca Sr/Ca Mg!Ca Mn!Ca Fe/Ca 
)lmoll rnrnol/ mmoll )lmoll mmoll 
Sample Identification Locality Age o13c o18o mol mol mol mol mol 
C-2 Neothyris sp. New Zealand Pleistocene (Hawtowan) 2.12 2.35 24.5 1.07 3.1 12 0.49 
C-3 Muhlfeldtia sp. Greece Pleistocene 2.58 3.46 34.2 1.18 18.0 51 0.55 
C-4 Dallinella sp. California Pliocene 1.10 0.74 30.7 1.12 5.4 5 0.18 
C-12 Dallinella occidentalis California Middle Pliocene 1.09 0.70 29.0 0.99 6.5 12 0.16 
C-10 Laqueus sp. California Middle Pliocene 0.80 0.32 35.1 1.09 6.8 18 1.31 
C-5 Muhlfcldtia truncata Sicily Pliocene 1.57 2.28 30.7 1.21 16.3 56 0.20 
C-8 Dallinnella sp. California Late Miocene 0.94 -0.10 31.0 1.00 6.1 5 0.12 
C-7A Magellania tateana S. Australia Miocene (Aidingian) 2.20 0.10 29.4 0.90 5.6 35 0.14 
C-7B* Magellania tateana S. Australia Miocene (Aidingian) 1.45 -0.21 31.6 0.98 6.2 135 0.33 
C-6 Pachyrnagas huttoni New Zealand Oligocene 2.85 0.93 31.0 1.04 3.3 55 0.10 
"' C-9 Pachymagas sp. New Zealand Oligocene 3.12 1.14 34.1 1.01 3.9 22 0.21 "' w C-ll Terebratula harlani New Jersey Eocene 2.61 0.28 27.2 1.13 4.1 30 1.44 
*C7B oxygen and carbon isotope values indicate matrix contamination by comparison to measured values for C7A and their matrix. 
--------------------------------------------------------------------------
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TABLE 3. Permian and Carboniferous Brachiopods 
Sarnple3 Identification Locality 
Li!Ca 
J.lmol/ 
mol 
TI-97-NL-1 
TI-83·NL-I 
TI-83-WB* 
TI-83-M* 
YU-9-NL-1 
E324-WB 
E324-M* 
E246-NL-1 
E132-NL-I 
E331·NL-I 
AL5-WB* 
AL5-BL-3 
BI4-NL-1 
BI4-M* 
GB236-NL-I 
GB79-6-NL-1 
Carnarophoria purdoni 
Martinia sp. 
Timor (Broidi) Late Permian (Kungurian) 
Late Permian (Kungurian) 
Late Permian (Kungurian) 
Late Permian (Kungurian) 
Early Permian (Sak.-Art.) 
Late Carb. (Kasimovian) 
Late Carb. (Kasimovian) 
Late Carb. (M. Moscovian) 
Late Carb. (E. Moscovian) 
Late Carb. (E. Moscovian) 
Early Carb. (E. Serpukh.) 
Early Carb. (E. Serpukh.) 
Early Carb. (L. Visean) 
Early Carb. (L. Visean) 
Early Carb. (L. Visean) 
Early Carb. (L. Visean) 
6.2 
5.4 
7.7 
14.6 
0.5 
1.5 
Timor (Kiosuoko) 
Martinia sp. Timor (Kiosuoko) 
matrix 
Martinia sp. 
Choristites sp. 
Timor (Kiosuoko) 
Yugoslavia (Karavanke Mtns) 
Spain (Prov. Oviedo) 
matrix Spain (Prov. Oviedo) 33.3 
4.2 
1.4 
1.4 
Choristites sp. 
Choristites sp. 
Choristites sp. 
Gigantoproductus sp. 
Gigantoproductus sp. 
G. gigantus 
Spain (Prov. Oviedo) 
Spain (Prov. Palencia) 
Spain (Prov. Palencia) 
Algeria r.y/. Sahara) 17.6 
12.1 
4.4 
3.0 
18.9 
Algeria r.y/. Sahara) 
Belgium (Royseux) 
matrix 
Gigantoproductus sp. 
Martinia sp. 
Belgium (Royseux) 
Great Britain (Scotland) 
Great Britain (England) 3.5 
Minor element data are given by Popp et al. [ 1986a]. 
asample designations are: NL, nonluminescent portions microsampled; BL, brightly luminescent; WB, 
whole brachiopods; M, surrounding matrix; *,insoluble residues visible after dissolution. 
bAbbreviations are Sak.-Art, Sakmarian-Artskian; Carb., Carboniferous; M, E, L, Middle, Early, Late; 
Serpukh., Serpukhovian. 
analyzed by GFAAS on an aliquot of the Ca 
solution. Mn was analyzed by GFAAS. Mg 
(with cesium added as an ionization 
suppressant) and Fe were analyzed by 
small-volume injection using a micro-
sampling cup with flame atomic absorption 
spectrophotometry at recommended condi-
tions. Sr and Mn results from these 
methods and the previous analyses agreed 
well for a subset of samples tested to 
compare the two data sets. Replication of 
powdered samples had typical standard 
deviations as follows: Li/Ca 2-20% (mean 
of 12%); Sr/Ca 2-12%; Mg/Ca 0.1-4%; Mn/Ca, 
2-3%; and FejCa generally <10%. Larger 
standard deviations for Li/Ca were for 
more heterogeneous samples, i.e., those 
with higher contents of insoluble residues 
indicated by visible solids after sample 
dissolution or with matrix contamination 
observed in the sampling procedure, and 
for those with extremely low Li/Ca ratios. 
Sample treatment methods were checked 
to ensure that measured Li/Ca ratios 
represented lattice-bound Li. LiJCa 
ratios in brachiopod shells treated with a 
sequence of weak acid, oxidative, and 
reductive steps [Boyle, 1981; Boyle and 
Keigwin, 1985/86 J were the same as LiJCa 
ratios in untreated replicates. Several 
powdered samples of whole brachiopod 
shells of Permo-Carboniferous age (ALS-WB, 
TI-83-WB, and E324-WB) were dissolved in a 
sequence of acid aliquots. Li/Ca ratios 
in these sequential partial dissolution 
aliquots were constant with increasing 
fraction dissolved, as would be expected 
for a lattice-bound element; total Li/Ca 
ratios estimated by integrating the 
dissolution fractions agreed well with 
those from total dissolutions of matched 
sample aliquots. Therefore, Li/Ca ratios 
were determined on untreated samples, with 
care taken to physically separate samples 
from contaminating matrix. 
RESULTS AND DISCUSSION 
Modern Brachiopods 
Li/Ca ratios in the modern brachiopod 
shells analyzed range from 18 to 50 
~moljrnol, with one exception (Table 1). 
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TABLE4. Devonian Brachiopods 
Lt!Ca Sr/Ca Mg/Ca Mn/Ca Fe/Ca 
11moV mmoV mmoV 11moV mmol 
Sample ol3c o18o mol mol mol mol mol 
Nonluminescent Brachiopodsa 
Dcv-1-a 1.35 -4.37 25.9 1.32 3.6 346 1.59 
Dcv-2-a 1.38 -4.45 15.0 1.58 3.2 114 0.58 
Dev-3-a 1.50 -4.26 15.2 1.58 3.3 38 0.23 
Dcv-4-a 1.35 -4.69 22.0 1.52 3.5 331 2.34 
Dcv-5-a 1.53 -4.24 12.4 1.47 3.3 187 0.46 
Dcv-6-a 1.50 -3.98 25.8 1.57 3.5 61 0.29 
Dcv-7-a 1.53 -4.11 25.3 1.22 2.7 50 0.29 
Dcv-8-a 1.47 -4.25 26.6 1.02 3.8 40 0.21 
Dcv-9-a 1.74 -4.07 23.2 1.14 4.6 42 0.21 
Brightly Luminescent Micritic Matricesb 
Dcv-1-c 0.63 -5.28 (37.3) 0.44 12.7 4550 26 
Dev-2-b 0.67 -4.78 (34.4) 0.45 13.2 4830 23 
Dcv-3-b 0.65 -5.29 (27.3) 0.46 12.7 3960 28 
Dev-5-c 0.56 -3.97 23.0 0.27 14.0 4150 12 
Dcv-8-b 0.60 -5.68 (57 .I) 0.35 17.7 3660 40 
Dcv-9-b 0.48 -6.06 (61.2) 0.46 19.9 3850 58 
Luminescent Sparry Cements 
Dcv-1-b -0.44 -6.99 4.9 0.12 3.1 4440 10 
Dcv-5-b -1.92 -7.98 4.1 0.20 4.5 4580 11 
Dcv-7-b -1.38 -6.94 3.7 0.04 2.7 3460 12 
Dcv-7-c -0.93 -6.99 8.2 0.04 3.2 3550 10 
a The brachiopod analyses are all from nonluminescent portions of Mucrospirifer tbedfordensis 
from a single hand sample collected from the Hungry Hollow Formation, Ontario, Canada, of 
:-..1iddle Dcvonian (Givetian) age. The chemical compositions of these samples are within the 
ranges observed in modem brachiopods (see Poppet al. [1986b] for details). 
bparentheses indicate insoluble residues visible after dissolution . 
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Li/Ca ratios in samples which include 10 
species of modern brachiopods from loca-
tions from the Bering Sea to the Caribbean 
correlate inversely with estimated mean 
annual temperature at the location and 
depth of their growth (Figure 1). Esti-
mates of mean annual temperatures and 
ranges were based on existing oceano-
graphic data on water masses at the same 
depths from locations as close to collec-
tion sites as possible. The Li/Ca results 
group primarily into two subsets that 
define the apparent temperature depend-
ence, with a Li/Ca decrease of -10 
~mol/mol per l0°C increase. A sample of 
Tichosina floridensis from the Dry 
Tortugas does not correlate with the other 
samples, with a lower Li/Ca (6 pmoljmol) 
than predicted; it also has lower concen-
trations of sodium and potassium than the 
other samples {M.L. Delaney et al., 
unpublished data, 1989]. There are no 
f'ig. 1. LijCa ratios in modern brachiopod 
shells versus estimated mean annual in 
situ temperatures. Vertical error bars 
represent ±lu on replicate Li/Ca analyses; 
horizontal error bars represent estimated 
temperature ranges. Linear regression fit 
is Li/Ca- 47.0 - 0.965*T (n-15 excluding 
CMl) with an r2 of 0.9413. 
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TABLE 5. Minor Element and Isotopic Composition of Brachiopod Shells. Means and 2a!{ii 
Standard Deviations 
Time Period ol8o ol3c 
Modem 0.34 -2 
±0.74 
Cenozoic 1.00 1.87 
±0.66 ±0.47 
Permo-Carboniferous -2.12 4.88 
(NL only) ±0.81 ±1.03 
Devonian (NL only) -4.27 1.48 
+0.14 +0.08 
apparent intergeneric variations in Li/Ca 
ratios in brachiopods. Different species 
from similar growth temperatures have 
similar Li/Ca ratios (Table 1; Figure 1). 
The average Li/Ca ratio for this suite of 
samples is -32 ~mol/mol (Table 5), corre-
sponding to a mean temperature of -l5°C. 
In contrast, foraminiferal Li/Ca ratios 
have no apparent dependence on temperature 
over the range tested in laboratory cul-
ture (20°-30°C) and in sediment trap and 
core top samples using o18o as a temper-
ature proxy [Delaney et al., 1985]. 
Li incorporation in brachiopod calcite 
does not appear to vary with Mg/Ca ratios 
in the solids; there is no significant 
covariance between LijCa and Mg/Ca (r2 
0 .12). Foraminiferal Li/Ca ratios also 
show no dependence on solution or solid 
Mg/Ca ratios, contrary to the observations 
of Okumura and Kitano [1986] for inorganic 
calcite. Sr/Ca and MgjCa ratios in these 
brachiopod samples [Lepzelter et al., 
1983] show no clear variation with esti-
mated temperatures. 
The brachiopod LijCa ratios are 10-100 
times higher than those predicted from 
experimental studies of alkali incor-
poration in inorganic calcite; however, 
these predictions are based on experiments 
in sodium-, magnesium-, and sulfate-free 
solutions with Ca concentrations similar 
to seawater and Li concentrations 1000-
5000 times that of seawater [Okumura and 
Kitano, 1986]. Brachiopod Li/Ca ratios 
are about twice those observed in modern 
foraminifera, which have a mean value of 
-15±3 pmol/mol [Delaney et al., 1985; 
Delaney and Boy le, 1986 J. Physiological 
Li!Ca Sr/Ca Mg/Ca Mn/Ca fe/Ca 
~moll mmoll mmoll ~moll mmol 
mol mol mol mol mol 
31.5 1.45 12.1 72 0.54 
±5.5 ±0.24 ±3.9 ±50 ±0.36 
30.7 1.06 7.1 36 0.44 
±1.7 ±0.05 ±2.8 ±21 ±0.27 
5.1 0.91 7.1 43 0.19 
±3.7 ±0.36 ±5.0 ±14 ±0.06 
21.3 1.38 3.5 134 0.69 
+3.7 +0.14 +0.4 +83 +0.51 
processes must play some role in incor-
poration of Li in biogenic marine cdlcites 
as they do for other trace and minor 
elements [e.g., Milliman, 1974, p. 144; 
Lorens and Bender, 1977]. 
Cenozoic Brachiopods 
Li/Ca ratios in nonluminescent 
brachiopod samples (Pleistocene-Eocf'ne in 
age) range from -25-35 pmoljmol (Table 2; 
Figure 2), with a mean of 31±2 pmoljmol, 
similar to the modern average (Table 5). 
Luminescent phases were rarely present; if 
present, they were filling spaces between 
brachiopod crystalline fabrics and were 
<0 
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Fig. 2. Li/Ca ratios in nonluminescent 
brachiopod shells versus age. Li/Ca means 
±2a/Jn standard deviations are shown for 
modern (circle) and Middle Devonian 
(square); individual samples are shown for 
Cenozoic (diamonds), Permian (upright 
triangles), and Carboniferous (inverted 
triangles). 
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easily avoided during sampling. Sr/Ca and 
Me/Ca means are slightly lower than modern 
means, and low Mn/Ca and FejCa ratios 
indicate that the samples are well pre-
served (Table 5). The small range of 
LifCa in Cenozoic brachiopods from this 
limited data set is consistent with the 
foraminiferal Li/Ca record for the 
Cenozoic [Delaney and Boyle, 1986]. The 
agreement between two independent Li/Ca 
records thus suggests that well-preserved 
brachiopod shells retain their original 
LifCa ratios at least on the time scale of 
the Cenozoic. 
However, if the Li/Ca-temperature 
correlation observed in modern brachiopods 
is valid for fossil brachiopods, then 
temperature variations in ancient oceans 
would have an effect on the Li{Ca record 
of fossil brachiopods. Mean 0 Bo for 
Pleistocene-Miocene samples is +1.1 per 
mil, and for Oligocene and Eocene samples, 
+0.8 per mil (Table 2). Paleotemperatures 
, corresponding to these means, calculated 
assuming seawater ol8o(SMOW) of 0.0 per 
mil for Pleistocene-Miocene and -0.6 per 
mil for Oligocene-Eocene, are l2°C and 
l0°C, respectively. Using the modern 
Li/Ca-temperature linear regression 
(including uncertainty in temperatures), 
these predict Li/Ca ratios of 32-41 
~mol/mol, in reasonable agreement with the 
observed means of -31±2 pmol/mol for the 
Cenozoic samples. 
Permo-Carhoniferm.ts Brachiopods 
Li/Ca ratios are consistently low in 
the Permo-Carboniferous samples, with the 
mean approximately one-sixth that of 
modern and Cenozoic means (Table 3; Table 
5; Figure 2). These include a number of 
species and a range of paleotemperatures, 
over a time interval of nearly 100 m.y. 
Other alkali/calcium ratios are also low 
in these samples. Sr/Ca and Mg/Ca ratios 
are similar to those in younger brachiopod 
samples, and the low Mn/Ca and Fe/Ca 
ratios suggest good preservation. Samples 
with matrix contamination tended to have 
extremely high K/Ca ratios and Li/Ca 
ratios relative to comparable samples. 
Low Li/Ca ratios in the Permo-
Carboniferous samples may reflect oceanic 
composition at the time of deposition, but 
might have also been controlled by other 
processes: 
1. Permo-Carboniferous brachiopods may 
have exerted different biological controls 
over Li incorporation in their shells than 
modern, Cenozoic, or Devonian ones. If 
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biological control of shell composition 
changed, it occurred within a superfamily 
between the Devonian and the Permo-
Carboniferous, as the Devonian samples are 
from the same superfamily (Spiriferida) as 
many of the Permo-Carboniferous samples. 
2. Brachiopod calcite may have been 
precipitated at high temperatures. Figure 
3 shows mean Li/Ca ratios for modern, 
Permo-Carboniferous, and middle Devonian 
samples placed within an envelope approx-
imating the modern relationship between 
Li/Ca and temperature. Extrapolating the 
correlation observed in modern brachiopods 
to the Permo-Carboniferous data would 
require temperatures of 40°-45°C to 
account for the observed ratios if the 
oceanic Li/Ca ratio for that period was 
similar to that at present. Such high 
temperatures are unreasonable, especially 
for an interval of geologic time marked by 
epochs of extensive continental glaciation 
(see review of evidence for extent of 
glaciation by Hudson and Anderson [1989)). 
In additionA if such high temperatures are 
assumed, oleo in the ocean would have to 
have been +2 to +4 per mil to account for 
the observed o18o values of brachiopod 
shells. 
3. Permo-Carboniferous brachiopod 
samples may have been diagenetically 
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Fig. 3. Li/Ca ratios versus temperature. 
The dashed lines approximate the range 
observed for the correlation of Li/Ca 
versus temperature for modern brachiopod 
shells. Boxes represent Li/Ca means 
±2aj)n standard deviations for 
nonluminescent portions of Cenozoic (Cz), 
Permo-Carboniferous (P-C), and middle 
Devonian (mD) brachiopods placed to fall 
within the modern trend of Li/Ca versus 
temperature. 
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altered. However, this was not apparent 
in the isotopic or other minor element 
compositions or in the textural obser-
vations. Also, there is relatively good 
agreement between LijCa ratios in nonlumi-
nescent portions of brachiopods and the 
equivalent whole brachiopod shells (Table 
3), which are expected to display greater 
effects of alteration [Popp et al., 
1986c]. 
These explanations for low Li/Ca ratios 
are unsatisfactory. The most parsimonious 
explanation is that Permo-Carboniferous 
brachiopod Li/Ca ratios are representative 
of oceanic composition at the time of 
deposition. The implications of this 
explanation are explored in a later 
section. 
Middle Devonian (Givetian) Brachiopods 
Li/Ca ratios average -21 ~mol/mol in 
these samples (Table 4, Figure 2). The 
Li/Ca range is larger than expected for 
unaltered samples of one species from the 
same hand sample. However, there is no 
obvious trend of Li/Ca ratios with other 
elemental ratios that would suggest dia-
genetic alteration. Na/Ca and K/Ca ratios 
in these samples are similar to those 
observed in Cenozoic brachiopods [M.L. 
Delaney et al., unpublished data, 1989]. 
Micritic matrix samples have htgh Li/Ca 
and K/Ca ratios due probably to leaching 
of insoluble alumino-silicates during 
sample dissolution (Table 4). They also 
have high Mg/Ca ratios, presumably also 
due to leaching; high Mn/Ca and Fe/Ca 
ratios and low Sr/Ca ratios are attributed 
to diagenetic recrystallization. The 
sparry cements, with low sl8o and sl3c 
values relative to brachiopods, have lower 
Li/Ca, Na/Ca, K/Ca, and Sr/Ca ratios than 
the nonluminescent brachiopod shells. 
For the middle Devonian nonluminescent 
brachiopods, in contrast to the Permo-
Carboniferous samples, slightly higher 
marine temperatures can account for the 
lower observed Li/Ca ratios without re-
quiring lower oceanic Li/Ca than today's 
value (Figure 3), 
IMPLICATIONS FOR THE PALEOZOIC GEOCHEMICAL 
CYCLE OF LITHIUM 
The two important Li sources to the 
ocean are high-temperature hydrothermal 
circulation (Fh) and dissolved river input 
(Fr); the two sinks are low-temperature 
basalt alteration (F£) and sediment uptake 
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(Fs). The steady state Li concentration 
in the ocean, C, is directly proportional 
to the sum of the input fluxes and in-
versely proportional to the removal con-
stants for the two sinks, k£ and k5 , 
assuming first-order removal constants 
(i.e., that removal in the low-temperature 
basalt alteration sink is k£C and simi-
larly for removal in the sedimentary sink) 
[Delaney and Boyle, 1986]. 
c -
Thus, changes in hydrothermal or 
weathering fluxes must be considered to 
explain observed variations in steady 
state Li concentrations. 
High-temperature basalt alteration, a 
Li source, increases ol8o of the hydro-
sphere, whereas low-temperature basalt 
alteration, an important Li sink, 
decreases slBo, as does continental 
weathering of silicate rocks (see 
Muehlenbachs and Clayton [1976], Gregory 
and Taylor [l981J,H. Craig (reported by 
Holland [1984], p. 246), and Bowers 
[1988]). However, the response time for 
ol8o in the ocean is much loneer 
(-50 m.y.) than the Li residence time 
[Muehlenbachs and Clayton, 1976; Gregory 
and Taylor, 1981; Edmond et al., 1979; 
Stoffyn-Egli and Mackenzie, 1984). If 
changes in high- and low-temperature 
alteration dominate both steady state mass 
balances, Li and 18o (as ol8o of seawater) 
should parallel each other at least quali-
tatively, with higher Li concentrations 
and more positive ol8o coupled. 
Nonluminescent portions of brachiopods, 
whole brachiopod shells (and other whole 
fossils), and marine cements all have 
relatively low ol8o values around -4 per 
mil in samples of Devonian age and older. 
The sl8o record of these marine carbonates 
shows a positive shift of 2-3 per mil in 
the Early Carboniferous to values 
compatible with an oceanic sl8o similar to 
that for the Cenozoic preglacial ocean 
[Given and Lohmann, 1985; Meyers and 
Lohmann, 1985; Popp et al., 1986c; Veizer 
et al., 1986; Hudson and Anderson, 1989]. 
For Permo-Carboniferous brachiopods, 
ol8o values similar to those of the 
Cenozoic constrain both high- and low-
temperature hydrothermal basalt alteration 
fluxes and weathering fluxes to be similar 
to present ratios of these fluxes. Low 
Permo-Carboniferous Li/Ca ratios (<20% of 
present, -25% of Devonian) could reflect 
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either a lower river flux contribution of 
Li or greater Li burial with sediments. 
The mechanism of Li enrichment in sedi-
ments is not known, but may involve forma-
tion of authigenic minerals [Stoffyn-Egli 
and Mackenzie, 1984]. Li burial fluxes in 
calcite and opal sedimentation are minor, 
each <2% of total removal [Delaney, 1983). 
Li/Al ratios are similar in marine shales 
and clays, silts and sands, and carbo-
nates, but are higher than that in igneous 
rock precursors [Holland, 1984}. There-
fore, Li removal by sediments is probably 
proportional to aluminosilicate burial. 
Lower oceanic LifCa ratios with a 
hydrosphere sl8o similar to the modern 
value could result from (1) lower rates of 
chemical weathering, or (2) higher rates 
of clastic sedimentation, or (3) more 
efficient Li enrichment in sediments. If 
lower Li/Ca ratios are due to lower rates 
of chemical weathering on the continents 
and a reduced dissolved Li flux from sili-
cate weathering, more positive sl8o would 
be expected. However, the effect of de-
creased chemical weathering on the oxygen 
isotope balance depends on rock types 
weathered. Weathering of sediments has 
little effect on the slBo balance of the 
hydrosphere because the eventual products 
have the same sl8o as the reactants. 
Thus, steady state sl8o would be little 
affected if the rates of sediment 
weathering and hence the Li supply from 
sediment weathering to the ocean 
diminished. 
If lower Li/Ca ratios are due to more 
efficient sediment uptake of Li at con-
stant rates of clastic sediment depo-
sition, then this should be reflected in 
greater Li enrichment in shales of that 
age (i.e., higher LifCa ratios). There is 
no evidence for this in the Permo-
Carboniferous shales from the Russian 
Platform data set of A.B. Ronov et al. 
(1970) (as reported by Holland [1984], pp. 
212-221). However, a greater Li flux to 
the sediments could also be due to greater 
erosion rates and a higher ~ate of clastic 
sedimentation at a constant degree of Li 
enrichment. Larger mechanical weathering 
rates or more extensive sediment Li 
enrichment also would not affect sl8o. 
For the middle Devonian samples, more 
negative sl8o and lower Li/Ca ratios than 
at present could both reflect a reduced 
importance of high-temperature basalt 
alteration in both mass balances. This 
effect and higher growth temperatures may 
both have acted to produce the Devonian 
brachiopod signals. 
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CONCLUSIONS 
LifCa ratios in a suite of modern 
brachiopod shells generally correlate with 
growth temperature, with values ranging 
from -20 pmol/mol at 30°C to -50 ~mol/mol 
at 0°C, Causes of this temperature effect 
are not clear and warrant further inves-
tigation. Li/Ca ratios from a limited 
survey of Cenozoic brachiopods support 
observations about the relative constancy 
of oceanic Li/Ca from foraminiferal 
records [Delaney and Boyle, 1986) and the 
preservation of the Li/Ca signal in 
brachiopod calcite over geologic time 
spans. 
Comparisons of Li/Ca ratios for non-
luminescent portions of brachiopod shells 
and for paired matrix samples with larger 
amounts of insoluble residue indicate that 
Li concentrations from bulk carbonate rock 
analyses may be greater than low-magnesium 
calcite Li contents. Li concentrations 
from a compilation of Li contents of 
Phanerozoic carbonate sedimentary rocks 
average about 15 ppm [Holland, 1984], 
equivalent to a Li/Ca mole ratio of over 
200 ~mol/mol. This ratio is 6 times the 
mean values for modern and Cenozoic 
brachiopod shells carefully separated from 
any matrix contaminants. These elevated 
Li concentrations from whole carbonate 
rocks probably result from leaching of Li 
from noncarbonate fractions during sample 
dissolution in the laboratory. Caution 
must be used in interpreting bulk rock Li 
analyses as records of oceanic Li concen-
trations. 
Li/Ca ratios for the nonluminescent 
portions of Permo-Carboniferous brachi-
opods are strikingly low, less than 20% of 
present values. Explanations for these 
low ratios based on diagenetic alteration 
are inconsistent with textural observa-
tions and other minor element ratios indi-
cating these shells are unaltered. If the 
low LifCa ratios are reasonably accurate 
monitors of seawater chemistry, they 
strongly suggest important changes during 
the Paleozoic in the sedimentary fluxes of 
Li and/or in continental weathering rates. 
Large changes in the Permo-Carboniferous 
of fluxes involving the oceanic crust are 
less likely because these should lead to 
changes in sl8o of seawater that are not 
consistent with the observed slBo record 
of marine carbonates. 
Li/Ca ratios in Devonian brachiopods 
are about 70% of those in modern brachi-
opods. Two explanations are consistent 
with this observation: (1) somewhat 
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higher temperatures for brachiopod growth, 
provided that the correlation of Li/Ca 
with temperature in modern brachiopods is 
applicable to Devonian brachiopods, and/or 
(2) somewhat lower oceanic Li/Ca ratios, 
consistent with the argument that more 
negative olBo of seawater during the early 
and middle Paleozoic is a consequence of a 
reduced proportion of high-temperature 
inputs relative to low-temperature basalt 
alteration. 
Future work should focus on defining 
the nature and causes of the Li/Ca-
temperature correlation, including more 
data on modern brachiopods and fossil 
assemblages. Alkali behavior in brachi-
opod calcite needs more detailed exami-
nation, focusing on low Li/Ca ratios in 
Permo-Carboniferous samples. Distin-
guishing sources of Li with Li isotopic 
analyses, especially for the Permo-
Carboniferous brachiopods, may define what 
changes occurred. Stratigraphic gaps in 
this brachiopod Li/Ca record, both in the 
Paleozoic and in younger sections, need to 
be filled. 
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